Like many emergent neuronal networks (Feller, 1999;  ing that the cholinergic signaling pathway is required O'Donovan, 1999), embryonic motor circuits exhibit for proper development of locomotor circuits during a regular bursts of spontaneous activity ( ChAT mutants exhibited a different pattern Shirasaki and Pfaff, 2002) , it has remained unclear of spontaneous activity during development: motor acwhether spontaneous neuronal activity also contributes tivity was reduced compared to that in controls, and to the development of functional locomotor circuits bursting in the mutants failed to shift to a higher fre- (Harrison, 1904; Haverkamp, 1986 ; Haverkamp and Opquency at E16.5 ( Figure 1F ). penheim, 1986). Since acetylcholine is the main neuroNext, we defined the temporal period in which acetyltransmitter driving early motor activity, we reasoned choline is required for spontaneous activity in wild-type that mouse mutants lacking the rate-limiting enzyme embryos. We monitored the frequency of bursting epifor acetylcholine biosynthesis, choline acetyltransfersodes at developmental stages from E12.5 to E18.5 ase (ChAT), would lack spontaneous activity during using the nicotinic acetylcholine receptor antagonist early embryonic stages of spinal cord development. As DHβE to disrupt cholinergic signaling ( Figure 1G ). Two expected, we found that E12.5 ChAT mutant embryos phases of spinal cord development were identified: (Brandon et al., 2003; Misgeld et al., 2002) exhibit markPhase I, from E12.5-E14.5, was dependent upon choedly reduced levels of activity compared to controls. linergic signaling, and, therefore, DHβE blocked activ-A day later, however, a low frequency of spontaneous ity; Phase II, from E15.5 onward, was defined by activity activity was detected in ChAT mutant embryos, but it that persisted in the presence of DHβE ( Figure 1G ). We was atypically driven by glutamatergic inputs in the abthen examined the frequency of spontaneous activity sence of the normal cholinergic signaling pathway.
in ChAT mutant embryos, expecting to observe a full Likewise, the effects of glycine on motor activity were recovery during Phase II of development, starting at apfound to be altered in ChAT mutants. At early stages, proximately E15.5. Nevertheless, we found that spontaglycine has an excitatory effect on activity in control neous activity in ChAT mutants did not recover to wildembryos, whereas in ChAT mutants it has an inhibitory type levels after E15.5 ( Figures 1F and 1G) . We also effect. Despite these physiological changes, E18.5 noted that, during Phase I, spontaneous activity was ChAT-deficient embryos assemble spinal circuits capaentirely dependent upon nicotinic cholinergic signaling ble of generating rhythmically alternating motor output.
in wild-type embryos, whereas ChAT mutants exhibited Nevertheless, the coordination between right-left allow levels of spontaneous activity at E13.5-E14.5 deternation and extensor-flexor regulation is abnormal in spite the lack of acetylcholine ( Figure 1G ). The residual these mutants. These locomotor defects cannot be activity in for glutamatergic signaling ( Figure 3C ). Interestingly, these two phases of glutamatergic function complemented the pattern seen with nicotinic receptor antagonists (see Figure 1G) , suggesting that the switch from ple, because DHβE failed to block the spontaneous bursts ( Figure 1E ). Taken together, these findings cholinergic to glutamatergic drive may be coordinated. The residual spontaneous activity detected in ChAT demonstrate that spontaneous activity is diminished when acetylcholine provides the main excitatory drive, axon pathfinding of these major classes of motor neurons were not grossly affected ( Figures 5G-5J ). Next, blocking glycine receptors markedly diminished the frewe used in situ hybridization to determine whether quency of spontaneous motor bursts. In contrast, durtranscripts for the vesicular inhibitory amino acid transing Phase II, when glutamate provides the main excitporter (VIAAT) and vesicular glutamate transporter-2 atory drive, strychnine enhanced the frequency of (VGLUT2) were expressed in their normal distribution. spontaneous bursts ( Figure 4A) . Thus, the effects of Despite the altered function of glycine and glutamate glycine on motor activity switch from excitatory to induring Phase I in ChAT mutants, VIAAT and VGLUT2 hibitory as development progresses.
Chronic Acetylcholine Deprivation Leads
were expressed in a normal distribution and at similar To determine whether spontaneous activity in ChAT levels to those observed in wild-type control embryos mutants is dependent on glycine receptors during ( Figures 5K-5N ). Finally, we examined the expression of Phase I, we tested the effects of strychnine at E13.5-the potassium-chloride cotransporter-2 (KCC2), since E14.5. Motor activity was suppressed in wild-type conaltered levels might influence intracellular chloride controls, whereas strychnine had the opposite effect on centrations, which could underlie glycine's switch from ChAT mutants, leading to enhanced motor activity (Fig- excitatory to inhibitory effects during development ure 4B). In the absence of cholinergic transmission, (Ben-Ari, 2002). Nevertheless, we found that the overall both glutamate and glycine exhibit premature funclevel and cellular distribution of KCC2 were unaltered at tions: glutamate begins to drive the circuit prematurely, E13.5 in ChAT mutants ( Figures 5O and 5P ). whereas glycine inhibits the circuit earlier than normally Next, we examined the expression pattern of cellular occurs ( Figure 4C) Table 1 ). Simiures 5A-5F). Next, we tested whether the columnar polarly, the levels and distribution of VIAAT, VGLUT2, and sition and/or axon pathfinding of motor neuron sub-KCC2 were unchanged in ChAT mutants during the lattypes was altered. The lateral motor column (LMC) and ter period of development (Figures 5Y-5DD ; Table 1 ). the medial half of the median motor column (MMCm) Taken together, these results indicate that neither cell were retrogradely labeled by injecting rhodamine-dextran fate specification nor gene expression is dramatically into limb and axial musculature, respectively. Labeled altered in ChAT mutants and, therefore, the cellular E13.5 motor neuron subtypes were found in their norproperties that we have monitored are unlikely to acmal columnar position within ChAT mutants prior to the count for the physiological changes detected in ChAT mutants. cell death period, suggesting that cell body sorting and Figures 6A-6C); wild-type E18.5 lumbar spinal cord preparations in the presence of nicotinic receptor antagonists DHβE, dTC, however, several features of the discharge pattern were 138% ± 12% 106% ± 10% 83% ± 11% 84% ± 7% 107% ± 16% 103% ± 5% 99% ± 5% 157% ± 15%
Cell counts ± SEM from E18.5 wild-type and ChAT mutant embryos. Isl1 and KCC2 labeling was quantified for motor neurons only. Since motor neuron cell death is reduced in ChAT mutants, the number of labeled Isl + and KCC + motor neurons is correspondingly increased at E18.5 compared to controls. ERR3 represents a transcription factor marker of spinal interneurons that reside in lamina VII (C.P.M. and S.L.P., unpublished observation). Percentages represent the mean ± SEM. 
embryos. (E) Distribution of L2 burst durations as a percentage of total bursts (% total burst) for E18.5 control (blue bars) and ChAT mutant embryos (red bars). (F) Distribution of L2 cycle periods as a percentage of total number of periods (% total burst) for E18.5 control (blue bars) and ChAT mutant embryos (red bars). (G and H) Acute blockade of nicotinic receptors with DHβE on E18.5 wild-type embryos. (G) Distribution of burst durations as a percentage of total bursts for wild-type E18.5 embryos in the absence (blue bars) or presence of DHβE (red bars). (H) Distribution of L2 cycle periods as a percentage of total bursts for wild-type E18.5 embryos in the absence (blue bars) or presence of DHβE (red bars).
and/or mecamylamine. Each antagonist, alone or in degree phase relationship in polar plots ( Figures 7A-7C ) . ChAT mutants, in concombination, extended the burst duration and the period of each cycle ( Figures 6D, 6G, and 6H ). Burst trast, exhibit a reproducible shift in right-left coordination that results in a deflection in the pattern of activity durations in control embryos were measured at 1.4 ± 0.1 s, whereas application of nicotinic receptor antagoto 140 degrees ( Figures 7E-7G ). In addition, this altered firing pattern was associated with an increase in the nists extended burst durations to 2.0 ± 0.1 s. These findings indicate that acetylcholine influences CPG acoverlap in bursts from right-left L2 recordings, revealed by averaging 100 individual bursts from wild-type and tivity at E18.5 and suggests that at least some of the changes detected in ChAT mutants arise from the loss mutant embryos (Figures 7B and 7F ). Right-left bursts recorded from wild-type embryos overlap w20% of the of this modulatory pathway. total period, whereas in ChAT mutants, this increased to w40%. (Figures 7G and 7H) .
strychnine. Again, we found that ChAT mutants displayed an atypical pattern of activity that could not be These findings raised the question of whether acetylcholine had a direct function in controlling right-left and reproduced by acute application of DHβE to wild-type embryos (see Figure S1 in the Supplemental Data availflexor-extensor alternation, or whether the defects found in the ChAT mutants resulted from a chronic deprivaable with this article online). To explore the basis for the alternation defects found tion of acetylcholine during development that resulted in long-term secondary defects in the circuit. To ad-
in ChAT mutants, we tested whether strengthening inhibitory inputs would shift the locomotor pattern to dress this, we examined whether the acute addition of the nicotinic receptor antagonist DHβE could shift the more normal values centered around 180 degrees in polar plots. The glycine reuptake inhibitor sarcosine, right-left and/or extensor-flexor phase relationship in wild-type embryos. We found, however, that nicotinic when applied to preparations of ChAT mutant embryos at concentrations ranging from 1-400 M, failed to shift cholinergic blockers failed to alter the coordination and phasing of right-left and extensor-flexor motor output the right-left phase to 180 degrees and similarly failed to reduce the burst period to values found in wild-types (Figures 7I-7L) . Similarly, blocking muscarinic acetylcholine receptors with atropine, alone or in combination (Figures 7M-7P) . Conversely, sarcosine application to wild-type embryos resulted in a dose-dependent shift with nicotinic antagonists DHβE and mecamylamine, failed to alter the phasing of motor activity (data not in the phase relationship between right and left motor outputs ( Figures 7Q-7T bursts were dependent on acetylcholine, glycine, and, to a lesser extent, GABA (GABA results not shown). 
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